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arnons at the Curie temperature

Poling, D. A,

Tos Alarns National labhoratorv, Ins Alamos, "M R75N]
ARST'ACT

Pandorm phase approxirations (PPAY have verv successfullv treated
spin wave excitations in lleisenhere ferromagnets at low temperatures.
The role plaved by these marnens at the order=-disorder transition, bow-
ever, bas been a tople which bas eluded PPA theories to date,  In T{ghr
of recent data (1), the {dea of marmons at the furie terperatare and a-
hove has necorme mrore diffienlt to retute. This adds Incentive to 5U-
temp! to made] Interactine marnons at the Curie terperature, This work
evaminer gnme atternts to Torealate Blotey raedae oboee annpoviearfoon
At dsrusses why thev fall as they approach the trancition terpera-
ture. A new {nterpretatfon of some wark by Pareenter and tve author ()
i« vresented, e nature of the approvimat fons made (o that worlk i«
diceussed, and an atternt ja =ade to elirinate Incorrect contribntions
trorm *he enervetically disfavored varararnetic state to the correet mige -
nor renarmalizatinn, & wonlutior (s vreseonted whiecl bias the nroper low
ternerature bebavior as dermaretrated by ™Maapr (1Y restared ond the re-
cptrant hebavior eli=inated,  An exarndnation of oy clase thje model
cares ta he' v fny correct Iy s performed, ad a0 corparison |« ade to

Qo pecent work he Pareenter (0,
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A low termperatur s the Hefaephere podel of o
Cepromapenet can easily bhe showyr to exbihit moenonae o

|_'\.'!. v LK IS TPTTI TR TRTR 3 2 eV i0Y, [ L thee v

v ot b e by g GV s Neb bt S ar et 1
phade transitfon,  Pyean (Y (v Lo detalled analveios.
ot the low ternerature bebavior of the We{senber s
fervorayenet points ont that the I Jetefp-r{pakat !
apln wave thecry (%) exgperpates the apparent inter-
Aact fon hetween raenonae,  Vittel (1) cirpested that
ravnons mipht bhe valfd eveftations tor temperatures
apreoaching the Carfe teroeratare, ., Uhen randor -
phase tepe approximat fons ("PAY)Y were applied to the
prohler of magnons at non- 2ero tenperature, the an-
avers werte pratitving up to about hatt of the Curfe
temperature or hetter, but wete seen 1o tafl or re-
aul re unphvefeal assumnpt fons near Teo 1 wan widely
belfeved that this fatlure was due to the fact that
At Te the relative local magnetizat{fon o vanlahes,
and the normalization factor on the mavnon operator
fn praportfonal to o 1/0. i doea not, however,



«mply that applied to the proper many bodv perman-
ental wave function the magnon operator is 111 de-
fined. Farly experimental evidence (7) suppested,
and recent data clearly shows (1) that magnons exist
right up to and even hevond Tz, These facts recent-
ly prompted Parmenter and the author (2?) to attenpt
higher RPA approximations in order to get results
valid closer to Te. The results of these calcula-
tions were less than encouraging, but did provide
insight into the true reason for the bhreakdown of
RPA. TIn the following T present a new interpreota-
tion of those results,

7 THF MODFL,

Ve take the simplest svetem of interest, an
isotropic Weisenhery nearest neishbhor excbanse I'am-
[1tonion ap A sipn'e cubie Yattiern,
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The prime on the summatlon indicates summing all in-
dicos but the last over the entire ervstal and the

lant index over the six nearest neirhbors, For fur-
ther sipplicity we chonse S = 1/, 1t 18 well known

that at T = ) the marnon defined bvy the operator
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where a is the lattlee constant, The renormaliza-
tion constant for finlte terperature then s de-
f l “"f' a

a(T) ﬂmk(T)HMm(WHN) (i)

T REINTERPRETED RICPER APEPOY TMATIONS

In the previounlv »oent ioned paner, Parmenter
and the author usaed a mult {=commutntor ecouatfon of
moi fon schepe te caleulate succesnfve approximat 1on



for a(T). DNefining the super operator

1 RE z [s{, M1,

the eauatien of motion bhecomes
mgf('r)s; =t L Sp -

Repeated application of the super operator L fol-
lowed bv a thermal averaging produces a higher order
linearized eauation

hap (T) = 2hup (M) [2aa™My™T crsg, 10 shisp!”

or the fenplicit eanation for A(T)

(0) _ fifaq MyMy—! = N oty 170
n (20l yn) <"£' L Snl\,

where n indicates the order of ithe approximation.
The first order cquation "dresses” the bare magpon
so that the Mamiltonian propapates it back into it-
self. The Fivber nrder ecaquations “dress” the parnon
vith alreadv dressed interactions «sn the hamiltenian
will multiply propagate fr back into itself. Rowen
(R) has pointed out that 1f Is a sinele parti-
cle, the operators ¢ L Y, Lt eie. form o pen-
erallzed Mlbert space. The nth order cauation cor-
responds to approximating the Infinite dimensional
space by an n dimensional one. The approximations
are all randor phase in nature sinece pairs of oper-
ators are ultipately repiaced by thermal averages.

tir first approximation turned out to he {dont -
feal with that found by "{chelene Moeh (0) ysiny o
varfational prineciple on a truncated Molstein-
brimakoff (5) Hampiltonfan representation, This ap-
proximation suffered from the probhlem that was to
persist to hipher orders, the a versus T curve was
reentrant. UVorse sat{ll the relative lTocal mapnet{z-
atf{on o verkus T was reeptrant, implving a first or-
der phase transition (Flpure 1A).  T™he {mplicit
equation for this first approximation is
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The second and third appruvimations gave the clue to
the true problerm with simple PPA. The lower re:-
entrant branch of the a curve is an attempt of the
RPA to include the enersetically disfavored paramag-
netic phase. The lower branch tries to fnllow the
line along which o(T/a) = N,

I recentlv reexamined the second and third or-
der RPA approximations In hopes of isolating that
portion anppropriate along the upper branch. The im-
plicit equations for these are

(A)

G(q) = Q(UFI /Yn + UFZ/Yi + UZYO(YO-])/Y: + I/AYAI/?

and
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In osder to extract the portfon of these ip-
plicit equations valid on the upper branch [ expand
the radicals about o = 1/, Care mist be taken n
thig expansion, however, Conslde; girnt expanding
about g » N, There one would set a® = 0, In the
vxpansion ahout o = §/2 1 then set o = /4, Vall-
ure to do this will vield 2 o curve {nconsistont
with the Dvaon low temperature resvits,

The reintoerpreted second approaximat fon then

akes the form

q(“‘ -] = /% 4+ 1/ (m

where



and g in the same notation is

(Y. = Y,) (v, - v)
Nyl eg O X Yk = 2 _._._____Y“ "k
14 N v T = 2¢ p
’ Yo Yn

Peplacineg sums by integrals and Integrating
over an infinite spherical zone T reduce ean (R) to
a form which mav be solved numerically [or a given T
hv Newton's method. The results are shown in Figure
IR, The magnetization 1s still reentrant, but just
barelv, This is clearlv an improvement over the
first anproxirmation,

Coing to the third approviration, 1 find

a(1) =] - p + 2/3h, (0)

and Figure 1€ showe 0 18 no longer reentrant, but
has a negative slope at Tc. Tt Is also reassurine
that the low temperature behavior is arain piven by

n=1-y,

as several diff rent approaches Indliecate it should
be, There {8 some reason to helieve that onle odd
order approximations are trulv appropriate for sin-
rle particle excitations, The even orders are proh-
ahlv more appraprriate for coliective execitations
such as plasmors or phonons,

A SVCHTn ARPEP TRAMQITINY

Tdeally one would have honed to have found the
slope of the magnetizatlon to be neratively {nfinite
rather than merelv neyative, Note, however, that
the slope at Tc has pone trom positive o negative
as we went from Ist to rd approximations. To Ree
how close this approximation comes to having a di-
vergence in the slope of the mapnetization, consider
addiny a multiplier to the third term {0 the implice-
it countfon for a,

N N AR T

It i rimple to show that 7 = J40R wil]l plve the de-
gaired result,  Flipure ID ghows the results for this
vatue of ro  1f vou choese £ = .5, the slope at Te

s nearly fnfinhe and the a curve bears o strfiking



resemblance to the data prescnted by Rohn, Zinn,
Norner, and Kollmar at the 19#] conference on Map-
retism and Magnetic Materials (1), exhihiting mag-
nons hoth below and ahove Te. See Fipure 1F. Par-—
menter (4) has sugpgested this as a fundamental re-
quirement for the a renormalization curve. He al-
lows a to depend on T only thru powers of the func-
tinn g,

2 b
a= ] -p+Cp + C3g3 + Cur &

He then requires

aT(g) I N (2] [P 1, 179 s o
£ Te Bgz Te 3g3 Tc

Figure IF shows the results from solving Parmenter's
implicit a curve numericallvy,

While this paper does not demonstrate a first
principles PPA theorv which corrertlv predicts ther-
rodvnamic hehavior at the order-disorder transition,
T helieve it has shown that PPA theories are not as
far in error as is commonly believed., After the
more than twentv vears that prople bave worked on
this problem, T helieve we are bepinning to seoe
where the real difficulties with simple RPA theories
l11ie. The kevs to understanding this problem are
first the existence of magnons at and above Te and
seeond the complications of the onerpeticallv dis-
favored paramasrnetic state helow Te.
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